We have analyzed by reverse transcriptase-polymerase chain reaction (RT-PCR) the individual non-germ line configurations of the T cell receptor (TCR) V␤ chains expressed by T cells from eight individual cord blood specimens. cDNA from each cord blood was amplified using a common primer coupled with a primer specific for each of 22 variable elements of the V␤ chain family and the amplified fragments were separated under high resolution conditions. With cDNA from adult blood (as a control), all of the TCR chains were amplified as a smear consistent with the extensive polyclonality of adult T cells. In contrast, a heterogeneous pattern of amplification was observed with cDNAs from cord blood: only 26.7 ± 21.9% of the 22 V␤ chains analyzed were amplified as a smear. The majority of them were amplified as a discrete number of bands (up to 10) (in 68.2 ± 18.7% of samples) and some of them as a single fragment (4.0 ± 7.8%). Only one of the eight samples analyzed expressed the majority (72.7%) of its V␤ chains as a smear, consistent with an adult-like TCR repertoire. In conclusion, cord blood expressed, on average, a less complex TCR repertoire than adult blood. Bone Marrow Transplantation (2000) 26, 83-89.
by other molecular mechanisms which include imprecise joining of V(D)J recombination, 6 N-region diversification (random addition of nucleotides by terminal deoxy-ribonucleotidyl transferase) 7, 8 and insertions of palindromic nucleotides 9 at specific points of the VD, DJ and VJ junctions. As a result of allele exclusion, 10 each T cell clone expresses one and only one specifically rearranged TCR V␤ chain. Therefore, the number of TCR V␤ chain rearrangements expressed by a given population correlates with its T cell clonality.
Cord blood (CB) has been proven to be a good source of stem/progenitor cells for related and unrelated transplants. 11, 12 Successful engraftment with low graft-versushost disease (GVHD) has been observed even in the case of unrelated poorly matched transplants. 13, 14 The reduced GVHD severity observed in allogeneic CB transplantation is explained by the low immunologic reactivity of the neonatal T lymphocytes. [15] [16] [17] The reasons for such immaturity is not yet fully understood but it is possible that it is mediated by cooperation between different mechanisms. For example, some studies have reported that CB contains reduced numbers of CD45RO + memory cells, 18 while others have suggested an intrinsic immaturity of CB T cells, independent of the CD45 isoform they express. [19] [20] [21] Other authors have observed that neonatal T lymphocytes do proliferate in response to several antigens, suggesting that antigen primed T cells are present in neonatal blood, [22] [23] [24] [25] and that it is a reduced functional capacity of accessory cells, such as APC, which underlies the 'immaturity' of the neonatal immune system. 26 During human ontogeny, complete functional TCR V␤ chain transcripts begin to be expressed by the thymocytes in the thymus at 15 weeks of gestation, [27] [28] [29] and almost all the different TCR V␤ genes are expressed by the 17th week. 6 Since the molecular mechanisms which determine the non-germ line V␤ gene diversity are not fully active until the 32nd week, 29 it is debated whether the T cells circulating in CB are as polyclonal as those circulating in adult blood. Schelonka et al 30 have observed, in 35 separate CB samples analyzed by spectra-typing, a highly polyclonal TCR repertoire before the 28th week of gestation and oligoclonal T cell expansion at 29th-33rd weeks. This oligoclonality would indicate a reduction in the complexity of the circulating T cell repertoire around birth. In contrast with these observations, Garderet et al, 31 by analyzing the lengths of the complementarity determining region 3 (CDR 3) by immunoscopy (a computer-based program developed to analyze the numbers of fluorescent RT-PCR products obtained with a given pair of primers and separated on a sequencing gel) in nine separate CB, have reported that CB T cells express a mature polyclonal TCR repertoire like adult T cells. The discrepancy between these two sets of data could be due to technical limitations. In fact, both spectra-typing and immunoscopy do not discriminate between V␤ chain rearrangements identical in length but different in sequence.
To clarify whether CB T cells express a reduced complexity of the TCR repertoire, the non-germ line configurations of 22 (out of the 25 described) V␤ chain families expressed by eight CB specimens (and four adult PB as control) were compared by the very sensitive method recently described, 32, 33 which combines reverse transcriptase-polymerase chain reaction (RT-PCR) amplification of the V␤ chain transcripts with the separation of the amplified products by single strand conformation polymorphism (SSCP) analysis. This technique, although not as sensitive as heteroduplex analysis, 34 allows discrimination of V␤ products differing by a single nucleotide substitution. 33 The results obtained indicate that CB expresses, on average, a reduced T cell clonality, although one out of the eight specimens analyzed had an adult-like repertoire. We conclude that the immaturity of the neonatal T cell system includes, at least in some CB specimens, a reduced number of T cell clones.
Materials and methods

Specimen collection and cell purification
Umbilical cord blood was obtained at the time of delivery from uncomplicated pregnancies with previous written informed consent from the mother. Peripheral blood (PB) was obtained from healthy adult donors through the collaboration of the Italian Red Cross. The human subject protocol was approved with the premise that no personal data would be linked with the samples analyzed. Mononuclear cells (MC) were isolated from a total of 11 cord blood (CB) and four PB specimens (all fresh) by density-cut separation ( Ͻ 1.077) (Ficoll-Paque; Amersham Pharmacia Biotech, Uppsala, Sweden). CBMC and PBMC were either processed directly or cryopreserved with dimethyl sulfoxide (DMSO 10% v/v, in Hanks's balanced salt solution, HBSS, Sigma, St Louis, MO, USA). 35 
Cell immune-phenotyping
Cells were washed twice in HBBS and incubated (3-5 × 10 5 cells per tube) at 4°C for 30 min with monoclonal antibodies against CD4, CD7, CD8, CD45, CD45RA and CD45RO (all from Sigma), CD2, TCR␥␦ and TCR␣␤ (PharMingen, San Diego, CA, USA) labelled with appropriate fluorochromes. Aliquots of the cells were also incubated with appropriate isotype-matched antibodies as controls for non-specific binding. Two-and three-color cytofluorimetric analyses were performed with the Epics Elite ESP Cell Sorter (Coulter, Miami, FL, USA).
RNA extraction and cDNA synthesis
Nucleated cells were counted and washed twice in HBSS. After centrifugation, the cell pellet was lysed with guanidine isothiocyanate and mRNA extracted with oligo(dT) spun columns (Quick Prep Micro mRNA Purification kit; Amersham Pharmacia Biotech) as described by the manufacturer. RNA was retro-transcribed with Superscript II reverse transcriptase and oligo(dT) primers (Gibco-BRL, Grand Island, NY, USA).
Polymerase chain reaction analysis of the expression of the non-germ line configurations of the TCR V␤ chains
Individual non-germ line configurations of the TCR V␤ elements were amplified with a common primer coupled with a primer specific for each of the 22 variable elements of the V␤ chain as described. 35, 36 cDNA obtained from purified mRNA extracted from an equivalent number of cells (Ӎ1 × 10 6 ) was used in each reaction. Hypoxanthine phosphoribosyl transferase (HPRT) was also amplified as a control for the quality and quantity of cDNA. cDNA was amplified with Pfu DNA polymerase (0.5 U/reaction, Stratagene USA, La Jolla, CA, USA) for 35 cycles in a PTC-100 Thermocycler (MJ Research, Watertown, MA, USA). The amplified products were denatured and separated on a 5% acrylamide 10% glycerol non-denaturing gel. 33 The gel was blotted on to Hybond N + membrane (Amersham Pharmacia Biotech). The specificity of the amplification was confirmed by probing with end-labelled oligonucleotides (␥-32 P-ATP, specific activity = 3000 Ci/mMol, Du Pont, Firenze, Italy and T4 polynucleotide kinase end-labelling kit, Gibco BRL) specific for the constant portion of the V␤ elements. 37 After hybridization, the membranes were washed twice under stringent conditions and exposed to Xray films (Eastman Kodak Company, Rochester, NY, USA). All the procedures were conducted according to standard protocols. 38 
Statistical analysis
Analysis of variance (ANOVA) was performed with the Origin 4.10 software for Windows (Microcal Software, Northampton, MA, USA).
Results
V␤ gene rearrangements expressed by T cells from cord blood and adult pheripheral blood
The analysis by RT-PCR and SSCP of the TCR V␤ chain repertoire expressed by adult PB and CB specimens is presented in Figure 1 and in Table 1 . In this analysis, the presence of a smear-like pattern for a single amplified V␤ chain transcript indicates the presence of many individual T cell clones expressing that particular V␤ chain, while the presence of a single (or few distinct) band(s) indicates that the T cell clones that express that particular V␤ segment are mono-or oligoclonal. The TCR repertoire was defined as mono-, oligo-or polyclonal when a single band, 2-10 (H96 of Table 1 ), at least 16 (out of the 22 V␤ chain transcripts analyzed) were amplified as a smear. Therefore, this unit expressed a polyclonal TCR repertoire similar to that expressed by adult PB and shown in Figure 1a . In the other two CB units (top and middle panel), the majority of V␤ chains were amplified as a single or discrete number of fragments consistent with the presence of mono-or oligoclonal T cell populations. All the cDNA used for amplification had been normalized for the expresssion of HPRT (not shown). 
The TCR repertoire is defined as mono-, oligo-and polyclonal when a single band, 2-10 bands or a smear was detected after SSCP of the amplified products. The number of V␤ chain families that expressed a specific clonal profile is indicated by No., while the number in parenthesis indicates their percentage of the total number of V␤ chains analyzed. a Significantly different (P Ͻ 5 × 10 −5 ) by one-way ANOVA analysis from the values obtained with PB.
bands or a smear was detected, respectively, after PCR amplification. As expected, all the V␤ chains were amplified as a smear from PB samples (Figure 1a) . In contrast, the analysis of the CB samples indicated the presence of reduced TCR polyclonality. However, the number of TCR rearrangements expressed by individual CB was variable as shown by the three representative samples presented in Figure 1b . One CB out of the eight samples analyzed did not express two V␤ chains and expressed all of the others as mono-or oligoclonal TCR repertoires (H79, (Table 1 ) and in the majority (68.2 ± 18.7%) of V␤ chains analyzed were amplified as a discrete number of bands while in some of them (4.0 ± 7.8%) they were even amplified as a single band.
Flow cytometric analysis of the expression of T cell specific antigens by CB and PB mononuclear cells
The expression of T cell-specific antigens (CD2, CD4, CD7, CD8, TCR␥␦, TCR␣␤, CD45, CD45RA and CD45RO) in CBMC and PBMC is compared in Figure 2a , b and in Table 2 . No statistically significant difference was found in the expression of most of the T lymphocyte antigens analyzed. CBMC and PBMC contained similar numbers of CD4 and CD8 T lymphocytes as well as of T cells expressing the TCR ␣/␤ and/or CD2 and CD7. The slightly higher number of T cells expressing CD4 and TCR ␣/␤ in CB remained at the limit of statistical significance. The only significant difference in T cell phenotype between CB and PB was found in the frequency of cells expressing the CD45RA and CD45RO isoforms. In fact, CB contained a statistically significant higher number of CD45RA + CD45RO − T cells (85.8 ± 8.3%) compared with PB (59.0 ± 7.1%) ( Table 2 , P Ͻ 0.0001), while the number of T cells expressing the CD45RA − CD45RO + and the CD45RA + CD45RO + phenotype was higher in PB compared with CB (13.3 ± 10.8% vs 2.1 ± 1.0%, P Ͻ 0.005 and 27 ± 15.7% vs 11.4 ± 8.6%, P Ͻ 0.05, respectively) ( Table 2 ).
Discussion
RT-PCR amplification followed by SSCP separation of the amplified transcripts is one of the most effective methods available to date to evaluate the diversity of TCR rearrangements expressed by a T lymphocyte population. 35, 37, 39, 40 This technique was used in the present study to compare the TCR repertoire expressed by eight CB units and by four adult PB specimens. The results obtained indicate that CB expresses, on average, a T cell clonal diversity less complex than that expressed by adult PB (Ͻ5 × 10
−5
). However, the complexity of the TCR repertoire expressed by the different CB units was heterogeneous: one unit expressed a T cell clonality similar to that expressed by adult PB; another did not express two V␤ chains and expressed all the others with a mono-/oligoclonal profile, whilst the other six units expressed a TCR complexity with a random clonal distribution intermediate between these two ( Figure 1 and Table 1 ). These observations are consistent with the oligoclonal T cell expansion in CB units from full-term deliveries reported by Schelonka et al. 30 Both our data and the data from Schelonka et al 30 are, however, in contrast to the paper by Garderet et al 31 that describes CB T cells expressing a polyclonal TCR repertoire similar to that of adult PB. As mentioned earlier, the discrepancy between the two sets of data could be due to technical reasons. However, one of our CB samples displayed a full adult clonality similar to the pattern presented by Garderet et al 31 and both Schelonka et al 30 and ourselves (two fetal blood, results not shown) have observed a polyclonal adult-like T cell profile when preterm (before the 28th week) CB was analyzed. It is, therefore, possible that the complexity of the T cell clonality expressed by a CB unit decreases with its gestational age.
How and why the number of T cell clones circulating in CB decreases at the end of gestation have not been elucidated as yet. The fact that the total number of circulating T cells remains constant during the ontogenesis, suggests that the T cell clonality is decreased by selective expansion of some of the circulating T cell clones and not by their negative selection. Although a temporal correlation has been found between an oligoclonal T cell profile and a peak Table 2 .
of circulating maternal IgG in the blood of the fetus at 29-33 weeks of gestation 41 it is not clear as yet if these two phenomena are causally linked as a consequence of a maternal 'mechanism' to induce a 'tolerant immune system' in the fetus just before birth. 30 Although recipients of CB grafts experience, on average, a lower incidence of GVHD, this is not always the case. Sometimes patients transplanted with similarly mismatched CB grafts experience very different degrees of GVHD. As an example, in the case of two three antigen-mismatch transplants recently performed with CB units from the New York Cord Blood Program, one experienced acute GVDH and died within 1 month, while the other remained completely GVHD free (P Rubinstein, personal communication). The reason for such a dramatic difference is not known and many studies are under way to define a predictive index for the development of GVHD in cases of CB transplantation. It is widely accepted that activation of mature donor T lymphocytes, after exposure to the antigens of the recipient, is the main event involved in the onset of acute GVHD. 42, 43 For this reason, most of the studies on the immaturity of the CB immune system are focused on the evaluation of the relative numbers of activated (defined as CD45RO + ) with respect to naive or unprimed (defined as CD45RA + ) T cells present in these specimens. We confirm the previously reported differences 44 between CB and adult PB in the number of T cells expressing CD45RA or CD45RO. All of the CB analyzed contained more CD45RA + /CD45RO − and less CD45RA − /CD45RO + cells than adult PB (Figure 2 and Table 2 ), irrespective of their clonal TCR profile. A less characterized T cell population is represented by the CD45RA + /CD45RO + cells, thought by some authors to represent a CD45RA − /CD45RO + precursor. 45 It is interesting that CB also contained lower numbers of CD45RA + /CD45RO + T cells than adult blood (P Ͻ 0.05, Figure 2a , b and Table 2 ). However, since all of 11 CB samples analyzed contained a similar lower number of activated T cells, it is unlikely that this fact alone can explain the lower incidence of GVHD experienced by some of the recipients of CB grafts. It is possible that the variability in the number of T cell clones present in CB described here and by Schelonka et al 30 plays a role in the development of GVHD at least as a predictive index of the establishment of a 'tolerant immune status' in the fetus. However, a correlation between reduced complexity of the T cell repertoire and development of GVHD after CB transplantation remains to be proven. In the absence of such a proven correlation, it is not appropriate to recommend the characterization of the T cell clonality of CB unit stored in banks by RT-PCR and SSCP. Moreover, this technique is very cumbersome. Further studies are necessary to prove whether such a correlation exists and to clarify the mechanism which reduces T cell clonality in the blood at birth.
